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Acute responses to moderate cold exposure are altered in older adults (2, 25, 28) . Reflex cutaneous vasoconstriction is markedly attenuated in healthy older adults, likely mediated by impairments in both end-organ responsiveness (30, 51, 55) and the thermoregulatory control of skin sympathetic nerve activity (19) . In young adults, whole body cold stress elicits a pronounced systemic pressor response (3, 4, 9, 23, 62) , and this pressor response to mild cold stress (i.e., with no reduction in core body temperature) is exaggerated in aged humans (23, 60) . The age-related augmentation in the pressor response to acute cold stress is associated with increased central arterial stiffness (23) and increased left ventricular preload (60) . In addition, sympathetic nervous system activation likely contributes to the cold-induced increase in BP. Cold stress increases plasma norepinephrine (9, 15) , yet findings from studies employing direct recordings of muscle sympathetic nerve activity (MSNA) during cold exposure are equivocal in young adults, with reports of increased MSNA during exposure to low ambient temperatures (12) or no change in MSNA during skin surface cooling via a water-perfused suit (3) . However, no studies have examined the potential for alterations in the integrated MSNA response to whole body cold stress to contribute to aberrant BP regulation during cold exposure in healthy aging.
Importantly, epidemiological studies suggest that the increased incidence of cardiovascular events in the cold may be attributed, at least in part, to the increased cardiac demands that occur during physical activity in the cold (16) . This effect may be mediated via impairments in the sympathetic control of the cardiovascular system and BP regulation during combined cold stress and isometric exercise. At thermoneutral temperatures (ϳ20 -22°C), the increases in MSNA during isometric handgrip (HG) in healthy older adults have been shown to be either similar to (21, 40, 49) or less than (26, 33, 48 ) the increases observed in young adults. Studies of both young and older subjects exercising in cold environments are surprisingly limited. In young adults, the increases in BP and heart rate during isometric HG were not different in warm (25°C) and cold (10°C) environmental conditions (32) . However, this study (32) was not designed to examine the mechanistic role of the sympathetic nervous system in mediating these responses nor to our knowledge have any studies examined the MSNA and BP responses to combined cold stress and exercise in healthy older adults.
Given this background, the purpose of the present study was to directly examine MSNA during whole body cold stress in healthy older men and women (aged 55-75 yr). We tested the hypothesis that cold stress would elicit greater increases in MSNA in older compared with young adults, contributing to an exaggerated pressor response during cooling. A secondary purpose of this investigation was to examine the sympathetic and pressor responses to isometric exercise in older adults at thermoneutrality and during cold stress. Because the cardiovascular demands of combined physical activity and cold stress are much greater than those imposed during exercise performed at neutral temperatures, we further hypothesized that cold stress would augment both the MSNA and BP responses to static HG in older, but not young, adults.
METHODS

Subjects.
All experimental procedures and protocols were approved by The Pennsylvania State University Institutional Review Board. Verbal and written consent were obtained voluntarily from all subjects before participation. The study conformed to the standards outlined in the Declaration of Helsinki. Eleven young (23 Ϯ 1 yr) and 12 older (60 Ϯ 2 yr) adults participated in the study. Subjects were screened for neurological, cardiovascular, and dermatological diseases and underwent a complete medical screening including a resting 12-lead electrocardiogram, physical examination, and 12-h fasting blood chemistry (Quest Diagnostics, Pittsburgh, PA). All subjects were normotensive (resting systolic BP Ͻ120 mmHg and diastolic BP Ͻ80 mmHg), nondiabetic, normally active, and not taking over-the-counter or prescription medications or supplements with primary or secondary cardiovascular effects (e.g., statins, antihypertensives, anticoagulants, antidepressants, etc). Subjects were nonobese (body mass index Ͻ30 kg/m 2 ) and did not use tobacco products. Young women were tested during the early follicular phase of their menstrual cycle or during the placebo phase if using oral contraceptives. Women taking hormone replacement therapy or who had recently taken hormone replacement therapy were excluded. All subjects were familiarized with the equipment and experimental protocol before the testing visit.
Experimental measurements. Before the experimental session, subjects abstained from eating for 4 h, caffeinated and alcoholic beverages for 12 h, and strenuous physical activity for 24 h. The protocol was performed in a thermoneutral laboratory (22°C).
Whole body mean skin temperature (T sk) was controlled using a water-perfused suit that covered the entire body except for the head, hands, feet, and lower left leg. Copper-constantan thermocouples were affixed to the surface of the skin at six sites (calf, thigh, abdomen, chest, shoulder, and back), and an unweighted average of these sites was used for continuous measurement of mean T sk. To obtain an index of cutaneous blood flow, cutaneous red blood cell flux was continuously measured directly on the dorsum of the foot with a laser-Doppler flowmetry probe placed in a local heating unit (MoorLab, Temperature Monitor, SHO2; Moor Instruments, Devon, UK). Cutaneous vascular conductance (CVC) was calculated as red blood cell flux divided by mean arterial pressure (MAP). Local T sk around the laser-Doppler probe was clamped at 33°C throughout baseline and whole body cooling to ensure that changes in cutaneous blood flow were systemic reflex in origin.
Arterial BP was obtained on a beat-to-beat basis using photoplethysmography (Finapres; Finapres Medical Systems, Amsterdam, The Netherlands) from the middle finger of the left hand held at heart level. Automated brachial artery BPs (Cardiocap; GE Healthcare) were measured every 3 min and used to verify absolute finger BP measurements. Heart rate was measured via a single-lead electrocardiogram (Cardiocap; GE Healthcare). Respiratory movements were monitored using a strain-gauge pneumograph placed in a stable position over the abdomen (Pneumotrace; UFI, Morro Bay, CA) to ensure that subjects did not inadvertently perform Valsalva maneuvers during the protocol.
Multiunit postganglionic MSNA was recorded using standard microneurographic techniques, as previously described (20, 21, 56) . Briefly, a unipolar tungsten microelectrode was inserted percutaneously into muscle fascicles of the peroneal nerve near the fibular head of the left leg. Neural signals were amplified, filtered (bandwidth; 700 -2,000 Hz), rectified, and integrated (time constant 0.1 s) to obtain mean voltage neurograms (Nerve Traffic Analyzer; University of Iowa Bioengineering, Iowa City, IA). MSNA recordings were identified by the presence of spontaneously occurring busts with characteristic pulse synchronicity, responsiveness to an end-expiratory breath hold, and lack of response to arousal or skin stimulation. MSNA burst frequency at rest has been demonstrated to be equivalent between contralateral limbs (59) as well as between the arm and leg (47) .
Experimental protocol. All subjects were tested in the supine position. The maximal voluntary contraction (MVC) of the right hand was tested by having subjects squeeze a commercially-available device (ADInstruments, Bella Vista, NSW, Australia) at maximal effort three to five times; the highest value was used as MVC. The MVC was used to calculate the relative work rate of 30% for the experimental protocol. After subject instrumentation and obtainment of a suitable nerve recording, baseline data were collected for 10 min. Throughout baseline, mean T sk was held at thermoneutral by perfusing ϳ32°C water through the suit. Each subject then performed static HG at 30% MVC for 2 min. During HG, ratings of perceived exertion were obtained using the standard 6 -20 Borg scale (1). Subjects were provided with visual feedback of force production during exercise. All subjects were able to complete the full 2 min of HG. Force production was recorded to compare the exercise stimulus between groups and conditions. After the HG trial, subjects rested quietly for 15-20 min until MSNA and BP returned to resting baseline values. Thereafter, cool water was perfused through the suit to gradually lower mean Tsk from 34 to 30.5°C (ϳ30 min). This target mean Tsk is above the threshold for shivering for most adults (6), and shivering was not observed in either subject group in the present study. Because of the brevity of the skin surface cooling protocol, core temperature does not change significantly (25, 55) . Mean Tsk was then clamped at 30.5°C, and a second bout of static HG was performed, as described above. During the HG trials, acceptable MSNA recordings were obtained in eight young adults and eight older adults.
Data analysis. All data were recorded at 1,000 Hz (Powerlab and LabChart; ADInstruments). The MSNA signal was calibrated by assigning the voltage of the three largest bursts during baseline the value of 100 arbitrary units (AU), and all other bursts within a trial were normalized with respect to this value. MSNA was analyzed using a custom-designed LabVIEW program (13, 14) , which generated synchronized beat-by-beat data of all recorded variables gated by the R wave of the electrocardiogram. Sympathetic activity was quantified using standard measures, including burst frequency (bursts/ min), burst incidence (bursts/100 heartbeats), total MSNA (AU/beat), and total activity (AU/min). However, caution must be used when interpreting differences in indexes of burst area between subject groups. The absolute area of a burst is critically dependent on the location of the microelectrode in relation to the nerve fibers that are being recorded, and because this cannot be determined, direct comparisons of total MSNA and total activity between groups are not typically performed. Multiple indexes of MSNA are presented in an effort to be complete; however, our main study conclusions are based on sympathetic burst frequency, which is reproducible over time in the same subject and comparable between groups (29). Sympathetic and cardiovascular variables were calculated as mean values over an initial 5-min thermoneutral baseline and at each 0.5°C decrease in mean Tsk during whole body cooling (ϳ1-2 min). For each HG trial, data were averaged during an additional 2 min of baseline before the onset of exercise and during the last minute of static HG.
Arterial baroreflex control of MSNA was evaluated during the initial thermoneutral baseline and also at mean Tsk 30.5°C by analyzing the relation between spontaneously occurring variations in diastolic BP and MSNA, as previously described in detail (21, 22, 42, 53), which allows for the quantification of sympathetic baroreflex sensitivity around the operating point of the arterial baroreflex. This technique is highly correlated with sympathetic baroreflex sensitivity derived using the more invasive modified Oxford approach (i.e., bolus intravenous administration of sodium nitroprusside and phenylephrine) (22) . Briefly, the diastolic BP for each cardiac cycle within each analysis region of interest was grouped into 2-mmHg pressure bins. Total MSNA was determined for each pressure bin by calculating the total area of all MSNA bursts, relative to the number of cardiac cycles; burst incidence for each pressure bin was calculated by determining the percentage of heartbeats that were associated with a sympathetic burst. The slope of the relation between MSNA variables and diastolic BP was identified using weighted linear regression analysis. To account for the number of cardiac cycles within each pressure bin, all data were weighted to remove bias due to bins containing fewer cardiac cycles (21, 42) . Pressure bins containing zero values for MSNA were included in the linear regression analysis to maintain consistency between conditions and groups. A minimal r value of 0.5 was used as criterion for accepting slopes, which is consistent with previous literature using this analysis technique (21, 42, 43) . One young subject and two older subjects did not fit this criterion and were excluded from the analysis. The mean r value of the accepted slopes for the initial baseline was Ϫ0.80 Ϯ 0.02 (range, 0.514 -0.991) and for mean Tsk 30.5°C was Ϫ0.77 Ϯ 0.02 (range, 0.509 -0.968).
Statistical analysis. Subject characteristics were compared using unpaired t-tests (SPSS 19.0). Comparisons of neural cardiovascular variables during whole body cooling and the gain of arterial baroreflex control of MSNA between groups were conducted using two-way mixed model repeated-measures ANOVA. A three-way mixed model repeated-measures ANOVA was conducted to detect temperature and condition (i.e., HG) differences in neural cardiovascular variables between groups. When appropriate, Bonferroni post hoc comparisons were performed and corrected for multiple comparisons. Results are reported as means Ϯ SE, and the alpha level was set at P Ͻ 0.05.
RESULTS
Subject characteristics.
Subject characteristics are presented in Table 1 . The groups were well-matched for anthropometric characteristics, resting BP, and blood biochemistry. Body mass index (BMI) was greater in older adults. Fasting total cholesterol and low-density lipoproteins, as well as HbA1c, were elevated in older compared with young adults; however, these values were within the normal recommended ranges for all older subjects. As expected, MSNA at rest was significantly elevated in older adults (P Ͻ 0.05).
Sympathetic and cardiovascular responses to whole body cooling. Baseline mean T sk was not different between groups (young: 34.5 Ϯ 0.2 vs. older: 34.2 Ϯ 0.1°C; P Ͼ 0.05). By study design, whole body cooling decreased mean T sk to 30.5°C in all subjects. Reflex cutaneous vasoconstriction during whole body cooling was blunted in older adults (young: ⌬CVC Ϫ0.046 Ϯ 0.01 vs. older: ⌬CVC Ϫ0.013 Ϯ 0.004 flux·mmHg
Ϫ1
; young: %⌬CVC base Ϫ36.7 Ϯ 5 vs. older: %⌬CVC base Ϫ12.1 Ϯ 3.8 flux·mmHg Ϫ1 ; P Ͻ 0.05 for both). Original recordings of heart rate, BP, and MSNA at mean T sk 34.0°C and T sk 30.5°C in one young and one older adult are presented in Figure 1 . Group summary data for absolute MSNA are presented in both Fig. 2 and Table 2 . MSNA burst frequency was greater in older adults at T sk 34.0°C and at each 0.5°C decrease in mean T sk throughout the protocol (Fig. 2A) . Additionally, MSNA increased during cold stress in older but not young adults (Fig. 2 , A and C; Table 2 ). MAP increased during cooling in both groups (Fig. 2B) . By study design, BP was not different between the groups at baseline, but absolute MAP was greater in older adults throughout cooling (Fig. 2) . The increases from baseline in both MAP (young: ⌬6 Ϯ 1 vs. older: ⌬9 Ϯ 1 mmHg; P ϭ 0.14; Fig. 2D ) and systolic BP (young: ⌬5 Ϯ 2 vs. older: ⌬14 Ϯ 2 mmHg; Table 2 ) were exaggerated in older adults. Interestingly, the threshold at which MAP began to increase relative to baseline occurred at a higher mean T sk (33.0°C) in older adults (Fig. 2B) . Similar findings were noted for systolic BP ( Table 2 ). The heart rate response to whole body cooling was not different between groups ( Table 2) .
The slope of the relation between MSNA burst incidence and diastolic BP did not change during cold stress in either subject group (young: Ϫ3.2 Ϯ 0. ; P Ͼ 0.05 for all comparisons). There were no group differences in sympathetic baroreflex sensitivity for either condition (P Ͼ 0.05 for both). From mean T sk 34.0°C to T sk 30.5°C, the linear relation between MSNA and diastolic BP was shifted rightwards in young subjects, indicating a resetting of arterial baroreflex control of MSNA to the higher BP elicited by whole body cold stress; in older subjects, this relation shifted rightwards and upwards to account for the cold-induced increases in both MSNA and BP.
Sympathetic and cardiovascular responses to combined cold stress and isometric exercise. MSNA was greater in older adults at baseline and during HG at both T sk 34.0 and 30.5°C Values are means Ϯ SE. M/F, male/female; BMI, body mass index; BP, blood pressure; MSNA, muscle sympathetic nerve activity; HDL, high-density lipoprotein; LDL, low-density lipoprotein. *P Ͻ 0.05 vs. young. (Fig. 3A) . There was no age-related difference in the magnitude of the increase in MSNA during static HG at either mean T sk 34.0°C or T sk 30.5°C (Fig. 3, A and C; Table 3 ). Furthermore, contrary to our original hypothesis, whole body cooling did not affect the MSNA response to isometric HG in either group (Fig. 3, A and C; Table 3 ).
The BP and heart rate responses to exercise are presented in Fig. 3 and Table 3 . There were no group differences in absolute MAP at baseline or during HG at T sk 34.0°C and T sk 30.5°C (Fig. 3B) . Similar to the MSNA responses to exercise, there were no group differences in the increase in BP during isometric HG during either thermoneutral or cold stress conditions (Fig. 3, B and D; Table 3 ). In addition, there were no temperature-mediated differences in the pressor response to exercise in either group (Fig. 3, B and D; Table 3 ). There were no group differences in the heart rate responses to cold stress or HG ( 
DISCUSSION
The principle novel finding of the current study was that the MSNA response to acute whole body cold stress is augmented in healthy older adults. However, contrary to our initial hypothesis, neither the MSNA nor the BP responses to static HG during cold stress were exaggerated in older adults, suggesting that sympathetic responsiveness during isometric exercise is preserved in healthy aging. Collectively, these data indicate that marked increases in sympathetic outflow likely contribute to the greater increases in arterial BP during cold exposure in the older population. Alterations in the acute sympathetic and pressor responses to cold may contribute to the clinical relation between cold temperatures and increased cardiovascular mortality in primary aging.
Limited reports in young adults have demonstrated either no change (3) or increases (12) in MSNA during cold exposure elicited via a whole body water-perfused suit and facial cooling during exposure to low ambient temperatures, respectively. Although the reason for these disparate findings remains unclear, differences may be related to varied methodology of the cooling perturbation, because the intensity and populations of thermal and/or pain receptors stimulated by the cooling para- digm are known to influence sympathetic outflow. To this end, the present investigation examined sympathetic nervous system activation in healthy young and older adults using a standardized whole body skin surface cooling protocol via water-perfused suit (3, 30, 51, 55) . Consistent with a wide body of literature examining MSNA at rest in older adults at thermoneutrality (27, 39, 53) , older adults in the present study exhibited increases in basal muscle sympathetic outflow. Furthermore, whole body cold stress elicited pronounced increases in MSNA burst frequency and strength in older, but not young, adults. One previous study examined cold-induced increases in plasma norepinephrine in young and older adults, reporting blunted increases in plasma norepinephrine in older adults during reductions in core body temperature elicited via cold intravenous saline infusion (15) . Importantly, the current study employed a direct measure of central sympathetic outflow (MSNA), whereas plasma norepinephrine measures are indirect indicators of sympathetic activity and depend on the rate of removal of norepinephrine in addition to sympathetic outflow and norepinephrine release. Moreover, because we were interested in the precise effect of primary aging on the neurocirculatory responses to cold exposure, we used a milder cold stress (i.e., no change in core temperature and designed not to induce shivering) to isolate a vasoconstrictor response. Exposure to this magnitude of cooling is likely more indicative of the typical cold stress experienced by older adults (23) and may therefore have greater clinical relevance.
Studies in both animal models and humans indicate an age-related impairment of norepinephrine-mediated vasoconstriction in multiple vascular beds, including muscle and cutaneous thermoregulatory circulations (8, 24, 41, 54, 58) . MSNA and plasma norepinephrine concentrations are elevated with advancing age (15, 24, 27, 39, 53) ; therefore, impairments in norepinephrine-mediated vasoconstriction have generally been attributed to sustained agonist-mediated desensitization in ␣-adrenergic receptor responsiveness (24) . Conversely, the age-related increase in MSNA during cooling may be a compensatory response as a result of age-associated reductions in ␣-adrenergic receptor responsiveness. Intriguingly, studies also suggest an age-related impairment in tonic nitric oxide "buffering" of ␣ 2 -adrenergic receptor responsiveness (31) or perhaps diminished ␣ 2 -adrenergic receptor responsiveness reflective of more generalized reductions in nitric oxide bioavailability with aging (8) . Furthermore, while the sympathetic cotransmitters NPY and ATP contribute to reflex cutaneous vasoconstriction in young adults, these mechanisms are functionally absent in healthy aging; therefore, older adults instead rely entirely on impaired adrenergic-mediated vasoconstriction during cold stress (55) . Clearly, the interaction between sympathetic outflow and adrenergic receptor function during whole body cooling in the context of healthy aging requires further investigation. Whole body cold stress elicits a robust systemic pressor response (3, 4, 9, 23, 62) that is exaggerated in aged adults, evidenced by this and other (23, 60) studies. The augmented pressor response to skin surface cooling in older adults is likely not mediated by an increase in cardiac output, as cardiac output derived via transthoracic echocardiography remains unchanged throughout cooling in older adults (60) . The results of the present study indicate that pronounced increases in MSNA during cold stress in older adults may contribute to the greater pressor response. Indeed, the exaggerated increases in sympathetic outflow noted in the present study were accompanied by Fig. 3 . Group summary data for absolute MSNA (burst frequency; ANOVA: condition P Ͻ 0.01, group P Ͻ 0.01, and interaction P ϭ 0.194) and MAP (ANOVA: condition P Ͻ 0.01, group P ϭ 0.552, and interaction P ϭ 0.679) during baseline (base) and during the last minute of moderate intensity static handgrip (HG) at mean Tsk 34°C and Tsk 30.5°C in young and older adults are shown in A and B. The increases (delta value) in MSNA (ANOVA: condition P ϭ 0.10, group P ϭ 0.179, and interaction P ϭ 0.178) and MAP (ANOVA: condition P ϭ 0.470, group P ϭ 0.705, and interaction P ϭ 0.329) from baseline to the last minute of static HG are presented in C and D. *P Ͻ 0.05 vs. young; †P Ͻ 0.05 vs. mean Tsk 34°C; ‡P Ͻ 0.05 vs. base. greater increases in BP throughout cold exposure, presumably by increases in systemic vascular resistance. Importantly, whole body cooling elicits significant visceral (celiac, superior mesenteric, and renal vascular conductance indexes) and peripheral (brachial artery, total forearm, and CVC) vasoconstriction that contributes to sustained increases in BP throughout cooling in young adults (62) . Reflex peripheral cutaneous vasoconstriction is significantly impaired in aged adults (30, 51, 55) . While the visceral vasoconstrictor responses to cold stress have not been examined in older adults, it is interesting to note that the splanchnic vasoconstrictor responses to upright tilt are greater in older compared with young subjects (36) . Conceivably, greater visceral vasoconstriction during cold exposure, concomitant with greater increases in sympathetic outflow, may further contribute to augmented pressor responses in older adults and warrants further investigation. The age-related alterations in the acute responses to cold stress observed in the present study may underlie increased cardiovascular risk in older adults exposed to cold environments (5, 38, 44, 50, 63) . Because isometric exercise is accompanied by robust increases in MSNA and BP (34, 37) , and coupled with the noted impairments in the sympathetic and pressor responses to cooling, we reasoned that physical exertion in the cold may impart greater challenges to sympathetic control of the cardiovascular system compared with cold exposure alone. Importantly, many physical activities of daily living for healthy older adults that may occur in the cold have brief and submaximal components in the forearm musculature (e.g., gripping snow shovels, scraping ice, etc.). While these brief bouts of isometric contractions are likely occurring in the context of dynamic whole body exercise, they presumably result in transient increases in MSNA and BP, and these repeated responses may increase both short-and long-term cardiovascular risk (45) . Therefore, understanding the acute physiological responses to isometric forearm muscle contractions in the cold is clinically relevant. Studies of adults exercising in cold environments are few and generally limited to those using varied methodology exploring either the control of cutaneous blood flow during exercise (46) or the performancerelated effects of cold acclimation (17, 57, 61) . At thermoneutral temperatures, older adults exhibit either similar (21, 40, 49) or blunted (26, 33, 48) increases in MSNA and BP during static HG compared with the increases demonstrated in young adults. Consistent with these previous studies, we report no agerelated differences in the sympathetic and pressor responses to static HG at baseline (i.e., mean T sk 34.0°C).
To our knowledge, only one previous study has examined cardiovascular function during combined isometric exercise and whole body cold exposure in young adults (32) . These authors reported that the increases in BP and heart rate during isometric HG were not different in warm (25°C) and cold (10°C) ambient environmental conditions (32) . The results of the present investigation are similar, as the increases in BP during HG were not different during combined cold stress in young adults. Furthermore, we extend the findings of this previous report by demonstrating that increases in MSNA during isometric HG in the cold are not different from the responses at thermoneutral temperatures in young healthy adults. Moreover, our novel findings also demonstrate that there are no temperate-related differences in the sympathetic and pressor responses to isometric exercise in healthy older adults. Interestingly, there also were no age-related differences in the pressor or sympathetic burst frequency responses to HG in the cold. Although the increase in indexes of MSNA burst area during HG in the cold condition were less in the older adults, perhaps suggesting blunted sympathetic activation during combined isometric exercise and cold stress, when considered collectively with burst frequency, the sympathetic responses are clearly not augmented in older adults. Nevertheless, our finding of no difference in the sympathetic and pressor responses to HG between temperature conditions in the older subjects, which was contrary to our initial hypothesis, instead suggests preserved sympathetic responsiveness during exercise in the cold in healthy aging. These results were somewhat surprising given the clear increases in sympathetic outflow during cooling. However, it is plausible that higher absolute MSNA may impose a ceiling effect for further increasing MSNA during exercise, especially as some older adults approached maximal burst frequency during exercise in the cold. Previous studies (7) of normotensive older adults with basal MSNA similar to that reported in the older adults during cooling in this study (i.e., ϳ31 bursts/min) have demonstrated increases in MSNA during sympathoexcitatory maneuvers above those which were noted during combined exercise and cold stress in this investigation. In addition to the aforementioned ceiling effect, similar sympathetic and pressor responses to HG in the cold in older adults may also reflect preserved buffering capacity of the arterial baroreflex during exercise. However, it is important to note that this study was not designed to investigate specific reflex mechanisms governing BP regulation during exercise (e.g., exercise pressor reflex, baroreflex, etc.). Future studies more directly assessing the contribution of alterations in these individual reflex mechanisms are necessary.
The baroreceptors operate as a negative feedback control system that responds to beat-to-beat changes in BP by reflexively adjusting autonomic outflow to modulate cardiac output and systemic vascular resistance. Therefore, the baroreflex is critically important in rapid reflex adjustments that accompany acute cardiovascular stressors (10), such as whole body cooling and isometric exercise. Interestingly, in young adults, the sensitivity of arterial baroreflex control of MSNA (i.e., the slope of the relation between MSNA and diastolic BP) assessed during pharamacological manipulations in BP was not altered during whole body cooling (3). However, the operating point of the baroreflex curve, defined as the mean MSNA and BP for both thermoneutral and cold conditions, was shifted rightward to operate around the cooling-induced increase in BP (3). Presumably, this shift allows adequate baroreflex-mediated buffering if BP was further increased during cold stress. The current study was not intended to examine age-related differences in baroreflex function, at rest or during exercise, during cold stress. However, it is plausible that potential age-related impairments in baroreflex function could result in a reduced ability to appropriately buffer increases in MSNA and BP during cooling, resulting in the exaggerated neurocirculatory responses to cold stress noted in the present study. To begin to address this possibility, we quantified sympathetic baroreflex sensitivity around the operating point of the arterial baroreflex by analyzing the relation between spontaneously occurring variations in diastolic BP and MSNA. Similar to the previous report in young adults (3), there was no change in the gain of arterial baroreflex control of MSNA during whole body cooling, for either burst incidence or total MSNA, in older adults, which is indicative of preserved sympathetic baroreflex function during cold exposure in healthy aging. However, future studies including a more robust investigation of baroreflex function are warranted, both during cold exposure alone and also in combination with exercise, to more appropriately examine potential age-or temperature-related alterations in the role of the arterial baroreflex in contributing to neurocirculatory modulation.
Limitations. By study design, only apparently healthy older adults were included in this study, and all older subjects were normotensive, nondiabetic, and nonobese. Despite the strict study inclusion criteria, older adults still exhibited robust increases in MSNA and BP during whole body cold stress. Importantly, these exaggerated responses to cold exposure occur even in the absence of overt cardiovascular disease. In addition, no direct quantification of muscle mass was obtained in subjects participating in this study. Potential age-related differences in body composition may influence the vasoconstrictor responses to cold exposure. Importantly, the mean age of the older subjects was ϳ60 yr; therefore, because sarcopenia would likely be a much larger potential confounding factor to consider in an elderly population (35) , decrements in muscle mass likely minimally affected muscle vascular resistance in this group of healthy older adults. However, the acute sympathetic and pressor responses to whole body cooling remain to be examined in at-risk populations with underlying cardiovascular pathology, including the elderly.
It is important to note that no quantification of cold or pain perception was obtained in the present study. In regards to the relation between cold-induced pain and the stimulation of MSNA, there appears to be a weak, but statistically significant, correlation between ratings of perceived pain and the increase in MSNA during a 1-min cold pressor test (11) . These findings may reflect specificity for reflex stimulation of MSNA within the broad range of cutaneous nociceptive fibers. We are unaware of any reports examining age-related changes in coldsensitive afferent fibers. Nevertheless, for a given decrease in mean T sk (i.e., 34 to 30.5°C), older adults clearly demonstrated robust increases in MSNA. We acknowledge that the observed responses may be specific to the cooling paradigm utilized and results may differ if the methodology for cooling is altered. Lastly, it is important to note that most physical activity in the cold involves dynamic whole body exercise that employs larger muscle groups (e.g., shoveling snow), and therefore, conclusions regarding exercise in the cold from the present study are limited to brief submaximal isometric forearm contractions. Potential age-related differences in the responses to dynamic exercise remain to be prospectively examined.
Perspectives and Significance
In conclusion, the primary finding of this study was that acute whole body cold stress increased MSNA in older, but not young, adults. Secondly, in both young and older adults, the sympathetic and pressor responses to combined cold stress and isometric exercise were not different from the responses to exercise during a thermoneutral condition. This finding was contrary to our initial hypothesis that cold stress would augment the responses to isometric HG in older adults and instead indicates that older adults do not exhibit exaggerated sympathetic responsiveness to cardiovascular challenges in cold environments. Taken together, these findings have significant clinical implications and provide further insight into the mechanisms underlying the association between cold temperature and increased cardiovascular mortality in healthy aging.
